The Nuss procedure is one of the most widely used operation techniques for pectus excavatum (PE) patients. It attains the normal shape of the chest wall by lifting the patient's chest wall with the Nuss bar. However, the Nuss bar is for the most part bent by a hand bender according to the patient's chest wall, and this procedure causes various problems such as the failure of the operation and a decreased satisfaction of the surgeon and patient about the operation. To solve this problem, we proposed a method for deriving the optimal operation result by designing patient-specific Nuss bars through computer-aided design (CAD) and computer-aided manufacturing (CAM), and by performing auto bending based on the design. In other words, a three-dimensional chest wall model was generated using the computed tomography (CT) image of a pectus excavatum patient, and an operation scenario was selected considering the Nuss bar insertion point and the post-operative chest wall shape. Then, a design drawing of the Nuss bar that could produce the optimal operation result was derived from the operation scenario. Furthermore, after a computerized numerical control (CNC) bending machine for the Nuss bar bending was constructed, the Nuss bar prototype was manufactured based on the derived design drawing of the Nuss bar. The Nuss bar designed and manufactured with the proposed method has been found to improve the Haller index (HI) of the pectus excavatum patient by approximately 37% (3.14 before to 1.98 after operation). Moreover, the machining error in the manufacturing was within ±5% compared to the design drawing. The method proposed and verified in this study is expected to reduce the failure rate of the Nuss procedure and significantly improve the satisfaction of the surgeon and patient about the operation.
Materials and Methods

Fabrication Procedure for the Patient-Specific Nuss Bar via CAD and CAM
The fabrication procedure for the patient-specific Nuss bar can be divided into a design process for the patient-specific Nuss bar (CAD) and a machining process for fabricating the designed Nuss bar (CAM). The overall flow for the fabrication procedure is shown in Figure . The detailed procedures are described sequentially in the following chapters. 
Modeling of the Three-Dimensional (3D) Chest Wall for a Pectus Excavatum Patient
Collection of CT Images for PE Patients
The first step for deriving the 3D chest wall of a PE patient is to collect the medical imaging data of the PE patients. We collected computed tomography (CT) images of 15 PE patients from the Pusan National University Hospital, and classified them based on the chest wall shape into symmetrical and asymmetrical types. Ten patients with a symmetrical depression based on the center of the sternum were included in the symmetric group, and five patients with a depression deviated from the center of the sternum or an asymmetrical depression were included in the asymmetric group.
In general, CT, magnetic resonance imaging (MRI), ultrasound, and other methods can be adopted to fabricate the 3D surface and finite element (FE) model for several organs of the human body. For example, Bonacina et al. [9] have developed a novel algorithm that automatically extracts the facial surface from ultrasound images. Using this method, they fabricated a 3D foetal face model without any human intervention or training procedure.
However, in this study, the CT image was adopted from among various medical images. The reason is that in the case of MRI, the image can be distorted due to the patient's breathing, and in the case of ultrasound, it is not easy to generate a 3D surface and FE model using general-purpose medical image processing software such as Materialise MIMICS due to the noise.
Establishment of 3D Model for PE Chest Wall
For our study, 3D chest wall models were fabricated based on the obtained patient CT images. The models were then used to design patient-specific Nuss bars. The image processing software MIMICS version 17 from Materialise (Leuven, Belgium) was used to produce the 3D chest wall model. 
Modeling of the Three-Dimensional (3D) Chest Wall for a Pectus Excavatum Patient
Collection of CT Images for PE Patients
Establishment of 3D Model for PE Chest Wall
For our study, 3D chest wall models were fabricated based on the obtained patient CT images. The models were then used to design patient-specific Nuss bars. The image processing software MIMICS version 17 from Materialise (Leuven, Belgium) was used to produce the 3D chest wall model. From the original CT images, 12 ribs, sternums, and costal cartilages were extracted in the following four steps (see Figure 2 ).
•
Step 1: The CT file of a patient is loaded into the program (MIMICS). The loaded CT image is displayed in black and white depending on the density of each tissue. Thus, the density differences between tissues are used to select the desired body organ on the screen. The density range is specified using the "Thresholding" feature. The 3D surface can be obtained by selecting the rib and sternum tissues easily using the default value (bone region) of each tissue provided by the "Region growing" function of the program.
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From the original CT images, 12 ribs, sternums, and costal cartilages were extracted in the following four steps (see Figure 2 ).
•
(a)
(c) 
Step 2: A 3D model is created from the obtained 3D surface using the "3D calculation" feature. The spine or any other unnecessary tissues are removed using "Edit mask" or similar features because the Nuss bar is not applied to them.
Step 3: A separate selection task must be performed to obtain the 3D surface of costal cartilage because the costal cartilage region cannot be taken with the Bone default value due to its low density compared to the rib and sternum. A 3D model is created from the 3D surface of the costal cartilage obtained through this separate process.
Step 4: A smooth-shaped chest wall model is produced finally by modifying the 3D chest wall models of the rib, sternum, and costal cartilage using the "Wrap" and "Smoothing" features.
Virtual Surgery Scenario for Nuss Procedure
Definition of Haller Index
Two conditions must be considered when performing the Nuss procedure. The first condition is that the Haller index (HI) must be an HI value of a normal chest wall. The second condition is that the damage of the Nuss bar and its adjacent tissues must be minimized. In order to satisfy these two conditions, the insertion point and shape of the Nuss bar must be determined before performing the Nuss procedure. In this study, the optimal operation position and shape were found by quantitatively deriving the Haller index values before and after operation for each Nuss bar insertion point based on the actual CT images of the patients. Figure 3 shows the pectus indices. The Haller index is a simple mathematical method for measuring and representing PE with a known pectus index. It is calculated by the ratio of the maximum transverse diameter (the maximum length inside the thoracic cage, A) measured on the axial CT section of the chest with the largest deformation and the minimum anterior-posterior (AP) distance (minimum distance between the spine and the sternum, B) [10] [11] [12] .
Equation ( 
The Haller index expected after the PE operation is called the ideal chest index (ICI), which is determined by dividing the corrected maximum transverse diameter (A') by the corrected minimum AP distance (C) [13] . 
•
Virtual Surgery Scenario for Nuss Procedure
Definition of Haller Index
The Haller index expected after the PE operation is called the ideal chest index (ICI), which is determined by dividing the corrected maximum transverse diameter (A') by the corrected minimum AP distance (C) [13] .
(a) (b) 
The severity degree of PE is classified by the HI value. Dr. Mark Thurston classified the degree of PE by HI value as is shown in Table 1 [14] . According to the results of many studies that investigated the correlations between HI and PE, the PE operation is required if the HI is equal to or greater than 3.2 [11, 15] .
Virtual Surgery Scenario for Insertion Point and Shape Design of Nuss Bar
The virtual surgery scenario for selecting the optimal insertion point and shape was set as follows [16] . Three points were selected based on the ribs around the sternum with the largest depression using the CT image and 3D model of Patient 1. As is shown in Figure 4 , insertion point A is the sternum between the second and third ribs, insertion point B is between the third and fourth ribs, and insertion point C is between the fourth and fifth ribs. 
The virtual surgery scenario for selecting the optimal insertion point and shape was set as follows [16] . Three points were selected based on the ribs around the sternum with the largest depression using the CT image and 3D model of Patient 1. As is shown in Figure 4 , insertion point A is the sternum between the second and third ribs, insertion point B is between the third and fourth ribs, and insertion point C is between the fourth and fifth ribs. Figure 5 shows the chest wall shape expected after the Nuss procedure for each insertion point. The blue line on the CT image is the optimal Nuss bar shape, which was designed by referring to the PE shape type and the shape of a similar chest wall.
To fabricate a patient-specific Nuss bar based on the patient's CT image, a computerized numerical control (CNC) bending machine that can machine every curved surface within the range of the Nuss bar curves must be first constructed. In this study, a CNC bending machine was constructed with the machining purpose. Figure 5 shows the chest wall shape expected after the Nuss procedure for each insertion point. The blue line on the CT image is the optimal Nuss bar shape, which was designed by referring to the PE shape type and the shape of a similar chest wall.
To fabricate a patient-specific Nuss bar based on the patient's CT image, a computerized numerical control (CNC) bending machine that can machine every curved surface within the range of the Nuss bar curves must be first constructed. In this study, a CNC bending machine was constructed with the machining purpose. Figure 6 shows the components of the equipped CNC bending machine which consists of a main body, control cabinet, and air pump. Of these, the main body where the material shaping occurs is largely divided into feeding and rotation units and a bending unit. Figure 7 shows the feeding and rotation units in the main body. The feeding and rotation unit assembly (Figure 7a ) consists of a feeder module which pushes the material to the bending head, a set of clamps which holds the material, and a rotation module that rotates the material. The existing set of clamps is designed for round materials such as wire and rod, and cannot hold the Nuss bar material with the bar shape. Therefore, a customized jig for the Nuss bar was designed, fabricated, and mounted onto the clamps (Figure 7b) .
The design drawing of the jig for the Nuss bar is shown in Figure 8 , which was designed considering the specifications of the machined material (width of metal bar: 13 mm, thickness of metal bar: 3 mm). Figure 9 shows the bending unit for bending of the material. The bending unit is composed of multiple tools and is designed to be able to machine 180° rotations at the maximum with 90° in two directions (clockwise and counterclockwise) considering the characteristics of the material (for metal bar, rotation by the rotation unit is impossible). The Nuss bar machining limits of existing tools were overcome by manufacturing a tool that could perform bidirectional bending.
The control cabinet, which is another component of the CNC bending machine, is used to input the machining data and manage the device-operating options, and the CAM software, which is the machining program, is embedded in it. In addition, a separate air pump must be installed for material feeding. Figure 6 shows the components of the equipped CNC bending machine which consists of a main body, control cabinet, and air pump. Of these, the main body where the material shaping occurs is largely divided into feeding and rotation units and a bending unit. Figure 6 shows the components of the equipped CNC bending machine which consists of a main body, control cabinet, and air pump. Of these, the main body where the material shaping occurs is largely divided into feeding and rotation units and a bending unit. Figure 7 shows the feeding and rotation units in the main body. The feeding and rotation unit assembly ( Figure 7a ) consists of a feeder module which pushes the material to the bending head, a set of clamps which holds the material, and a rotation module that rotates the material. The existing set of clamps is designed for round materials such as wire and rod, and cannot hold the Nuss bar material with the bar shape. Therefore, a customized jig for the Nuss bar was designed, fabricated, and mounted onto the clamps (Figure 7b ).
Establishment of Computerized Numerical Control (CNC) Bending Machine for Patient-Specific Nuss Bar
Components and Modification of CNC Bending Machine
The control cabinet, which is another component of the CNC bending machine, is used to input the machining data and manage the device-operating options, and the CAM software, which is the machining program, is embedded in it. In addition, a separate air pump must be installed for material feeding. Figure 7 shows the feeding and rotation units in the main body. The feeding and rotation unit assembly ( Figure 7a ) consists of a feeder module which pushes the material to the bending head, a set of clamps which holds the material, and a rotation module that rotates the material. The existing set of clamps is designed for round materials such as wire and rod, and cannot hold the Nuss bar material with the bar shape. Therefore, a customized jig for the Nuss bar was designed, fabricated, and mounted onto the clamps (Figure 7b ). The design drawing of the jig for the Nuss bar is shown in Figure 8 , which was designed considering the specifications of the machined material (width of metal bar: 13 mm, thickness of metal bar: 3 mm).
Installation and Specification of CNC Bending Machine
The metal body frame of the CNC bending machine must be installed on a concrete floor and maintain horizontal balance. The control cabinet must be fixed by wheel brake pedals and all cables connected to the main body must be protected. The specifications of the machine including power consumption, electrical requirement, and air requirement are shown in Table 2 . Figure 9 shows the bending unit for bending of the material. The bending unit is composed of multiple tools and is designed to be able to machine 180 • rotations at the maximum with 90 • in two directions (clockwise and counterclockwise) considering the characteristics of the material (for metal bar, rotation by the rotation unit is impossible). The Nuss bar machining limits of existing tools were overcome by manufacturing a tool that could perform bidirectional bending. 
The metal body frame of the CNC bending machine must be installed on a concrete floor and maintain horizontal balance. The control cabinet must be fixed by wheel brake pedals and all cables connected to the main body must be protected. The specifications of the machine including power consumption, electrical requirement, and air requirement are shown in Table 2 . The control cabinet, which is another component of the CNC bending machine, is used to input the machining data and manage the device-operating options, and the CAM software, which is the machining program, is embedded in it. In addition, a separate air pump must be installed for material feeding.
The metal body frame of the CNC bending machine must be installed on a concrete floor and maintain horizontal balance. The control cabinet must be fixed by wheel brake pedals and all cables connected to the main body must be protected. The specifications of the machine including power consumption, electrical requirement, and air requirement are shown in Table 2 . 
Operation Parameters of CNC Bending Machine
The parameters for machine operation such as home position and initial position can be set using the parameters function of the CAM program. Table 3 shows the parameter list and values of the CNC bending machine set for the fabrication of the patient-specific Nuss bar. The accurate bending of materials requires the setting of the tool geometry. After selecting the material and tool in the material selection choice, the Bender Geometry window (click on tool definitions icon) is activated and the appropriate tool geometry is set for the Nuss bar machining.
In this study, the mandrel type tool was selected as the default tool. Table 4 shows the main setting values of the tool geometry for accurate machining of a linear Nuss bar. Notes: Setting values for all items except for index numbers 0, 1, 3, 10, 11 on the Tool Geometry window are "0".
Results
Validation of CAD-Based Patient-Specific Nuss Bar Design Technology
To fabricate the patient-specific Nuss bar, we reviewed the CT images of 15 patients and chose one symmetric case called Patient No. 1 from the symmetric group. Then, we proposed three surgery scenarios (Nuss bar insertion points) to derive the patient-specific Nuss bar shape and select the insertion point for Patient No. 1.
The HI value before and after inserting the Nuss bar was calculated for each scenario. The preand post-operative maximum transverse diameters (A, A') and the minimum AP distances (B, C), and HI values are summarized in Table 5 .
According to a previous study, the post-operative maximum transverse diameter is 95% of the pre-operative value [17] . The post-operative maximum transverse diameter (A') was derived by applying the results of the corresponding study. Figure 10 shows the pre-and post-operative minimum AP distances according to the Nuss bar insertion point. Figure 10 shows the pre-and post-operative minimum AP distances according to the Nuss bar insertion point. Figure 11 shows the changes in HI values before and after the Nuss procedure. The B (Pre-operative) values for each insertion point (points A, B, and C) were measured at 73.01 mm, 68.61 mm, and 73.30 mm, respectively. The smallest value was obtained at position B. The C values for each insertion point were 101.11 mm, 103.49 mm, and 104.15 mm, respectively. The largest value was obtained at position C. The minimum AP distance increased by 38.49%, 50.84%, and 42.09% at the insertion points, respectively. Thus, position B showed the largest increase. Figure 11 shows the changes in HI values before and after the Nuss procedure. Figure 10 shows the pre-and post-operative minimum AP distances according to the Nuss bar insertion point. Figure 11 shows the changes in HI values before and after the Nuss procedure. The post-operative HI value decreased by 31.31% from 2.98 to 2.01 at insertion point A, by 36.94% from 3.14 to 1.98 at insertion point B, and by 33.33% from 2.97 to 1.98 at insertion point C. At every insertion point, the HI value improved by more than 30%. Furthermore, the improved HI values were near the target HI value of a normal chest wall (HI < 2.5).
The data analysis results revealed that the minimum AP distance and HI improved the most at point B that had the largest HI value before operation. Therefore, the optimal insertion point was confirmed to be B which had a corrected HI value lower than 2.0 and showed the greatest change.
Using the Nuss bar design technology which is described in Section 2.3, we derived the Nuss bar design for asymmetric PE patients (Figure 12 ). Patients Nos. 2 and3 represent the eccentric and unbalanced PE patients, respectively.
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The post-operative HI value decreased by 31.31% from 2.98 to 2.01 at insertion point A, by 36.94% from 3.14 to 1.98 at insertion point B, and by 33.33% from 2.97 to 1.98 at insertion point C. At every insertion point, the HI value improved by more than 30%. Furthermore, the improved HI values were near the target HI value of a normal chest wall (HI < 2.5).
Using the Nuss bar design technology which is described in Section 2.3, we derived the Nuss bar design for asymmetric PE patients (Figure 12 ). Patients Nos. 2 and3 represent the eccentric and unbalanced PE patients, respectively. The insertion position and shape of the patient-specific Nuss bar are derived using corrected HI values. Additionally, the angle and height on the left and right side of chest have similar values after the Nuss procedure, which is for the cosmetic aspect. Table 6 shows the corrected HI values after Nuss bar insertion. After Nuss bar insertion, the HI values of the eccentric case decreased by 31.9% from 3.26 to 2.22 in the insertion position A. In the unbalanced case, the HI values after Nuss bar insertion decreased The insertion position and shape of the patient-specific Nuss bar are derived using corrected HI values. Additionally, the angle and height on the left and right side of chest have similar values after the Nuss procedure, which is for the cosmetic aspect. Table 6 shows the corrected HI values after Nuss bar insertion. After Nuss bar insertion, the HI values of the eccentric case decreased by 31.9% from 3.26 to 2.22 in the insertion position A. In the unbalanced case, the HI values after Nuss bar insertion decreased by 30% from 3.39 to 2.37 in the insertion position C. The corrected HI value of both patients (eccentric and unbalanced) are below 2.5 (normal range of HI).
Validation of CAM-Based Patient-Specific Nuss Bar Fabrication Technology
Bending Test for Patient-Specific Nuss Bar Fabrication
Before fabricating the patient-specific Nuss bar, a bending test was performed to verify the bending range and machining accuracy of the equipped CNC bending machine.
• Drawing of Test Design: Central Arc and Transition Value of Nuss Bar A product drawing for machining test considering the maximum/minimum values of the arc and transition parts of the Nuss bar components was created. Figure 13 shows the components of the Nuss bar [18] . by 30% from 3.39 to 2.37 in the insertion position C. The corrected HI value of both patients (eccentric and unbalanced) are below 2.5 (normal range of HI).
Validation of CAM-Based Patient-Specific Nuss Bar Fabrication Technology
Bending Test for Patient-Specific Nuss Bar Fabrication
• Drawing of Test Design: Central Arc and Transition Value of Nuss Bar A product drawing for machining test considering the maximum/minimum values of the arc and transition parts of the Nuss bar components was created. Figure 13 shows the components of the Nuss bar [18] . (1) Central arc design: This part lifts the depressed sternum and is divided into five steps by selecting 200-400 mm for the maximum/minimum lengths of the transverse diameter (50 mm intervals). The maximum/minimum AP distances are determined by using the HI [19] . Five drawings were created by using the circumference within 160° from the center of the ellipse shape. (2) Transition part design: The machining occurs predominantly in this part and the applied value varies by the degree of the chest wall deformation [18] . The maximum/minimum radius range of curvature of the transition part was set to 20-100 mm, and was divided into five steps (20 mm intervals). Five drawings were created with the representative angles of 30°, 60°, and 90° for each curvature.
•
Computer-Aided Manufacturing (CAM) Data and Fabrication of Test Designs
The test products were fabricated using the biocompatible metal Titanium-6Al-4V ELI (Ti-Gr5) and SUS 316 LVM (SUS) with a thickness of 3 mm and a width of 13 m. The bending method varied according to the product shape. The feeding method was applied when the curvature of an ellipse shape was low and machining over a wide range was required such as for the central arch. The multibending method was applied if different bending methods had to be performed for each narrow point such as for the transition type.
The desired machining result could not be obtained from the initial CNC bending test where the design specifications were applied. In particular, Ti-Gr5 generated greater machining errors due to a strong springback phenomenon compared to SUS.
The springback, which is a property that makes the material return to its original shape, is affected by the material properties (yield strength, modulus of elasticity) and thickness, machining angle, and bending radius [20] [21] [22] .
Therefore, the CAM data were established considering the springback phenomenon of materials to perform accurate bending. First, the initial springback factor, Ks, of each material was calculated as is shown in Figure 14 . To calculate the initial Ks value, the data for each factor in Table 7 were input into the Bending Springback Calculator (Figure 14) of CUSTOMPART.NET. (1) Central arc design: This part lifts the depressed sternum and is divided into five steps by selecting 200-400 mm for the maximum/minimum lengths of the transverse diameter (50 mm intervals). The maximum/minimum AP distances are determined by using the HI [19] . Five drawings were created by using the circumference within 160 • from the center of the ellipse shape. (2) Transition part design: The machining occurs predominantly in this part and the applied value varies by the degree of the chest wall deformation [18] . The maximum/minimum radius range of curvature of the transition part was set to 20-100 mm, and was divided into five steps (20 mm intervals). Five drawings were created with the representative angles of 30 • , 60 • , and 90 • for each curvature.
• Computer-Aided Manufacturing (CAM) Data and Fabrication of Test Designs
The test products were fabricated using the biocompatible metal Titanium-6Al-4V ELI (Ti-Gr5) and SUS 316 LVM (SUS) with a thickness of 3 mm and a width of 13 m. The bending method varied according to the product shape. The feeding method was applied when the curvature of an ellipse shape was low and machining over a wide range was required such as for the central arch. The multi-bending method was applied if different bending methods had to be performed for each narrow point such as for the transition type.
The springback, which is a property that makes the material return to its original shape, is affected by the material properties (yield strength, modulus of elasticity) and thickness, machining angle, and bending radius [20] [21] [22] . Therefore, the CAM data were established considering the springback phenomenon of materials to perform accurate bending. First, the initial springback factor, Ks, of each material was calculated as is shown in Figure 14 . To calculate the initial Ks value, the data for each factor in Table 7 were input into the Bending Springback Calculator (Figure 14) of CUSTOMPART.NET. * The material properties of Titanium-6Al-4V ELI (Ti-Gr5) and SUS (SUS 316 LVM) were referenced from material property data (MetWeb.com).
The CAM data (machining angle and radius value) for the final angle and radius values were calculated reversely by applying the initial Ks value to the springback factor (Ks) equation, Equation (3) [24] , as follows:
where IR and FR are the initial and final bend radii, respectively, and Mt is the sheet thickness. The CAM data according to the material, angle, and bending radius were determined through multiple bending trials and errors. Different CAM values were required depending on the material even if a Nuss bar of the same shape was fabricated. The Ti-Gr5 product required additional bending between 2% to 20% as compared to the SUS product.
The prototypes of the central arc and transition values were fabricated using the appropriate machining method and the derived CAM values.
Results of Bending Test
The machining accuracies of 60 prototypes in total were evaluated through measurement of dimensions. For the dimension measurement test, the maximum width and height were specified as the major measurement indices. Figure 15 shows the dimension measuring points for machining accuracy. * The material properties of Titanium-6Al-4V ELI (Ti-Gr5) and SUS (SUS 316 LVM) were referenced from material property data (MetWeb.com).
• Results of Bending Test
The machining accuracies of 60 prototypes in total were evaluated through measurement of dimensions. For the dimension measurement test, the maximum width and height were specified as the major measurement indices. Figure 15 shows the dimension measuring points for machining accuracy. The dimension accuracy results of the five design prototypes considering the central arc were plotted as a graph. Figure 16 shows a graph for the measured width values of central arc designs 1-5 which were fabricated with SUS and Ti-Gr5. The SUS and Ti-Gr5 products have the dimension (width) errors of ±0.41% and ±0.53%, respectively. Figure 17 shows the height measurements of the central arc design products. SUS and Ti-Gr5 products have the dimension (height) errors of ±2.61% and ±1.48%, respectively. The major dimension measuring results of Ti-Gr5 and SUS products considering the central arc confirmed that the dimension accuracies of all the prototypes were within ±5%.
The dimension accuracy values of the five designs considering the transition values were plotted as a graph. Figure 18 shows the width of the transition Nuss bars 1-5 fabricated with SUS and Ti-Gr5. The width error is ±1.19% for the SUS product and ±0.57% for the Ti-Gr5 product. Figure 19 shows the measured height, and the height errors of the SUS and Ti-Gr5 products are ±1.73% and ±0.9%, respectively. This result confirms that the dimension accuracies of Ti-Gr5 and SUS products considering the transition value are within ±5%. The dimension accuracy results of the five design prototypes considering the central arc were plotted as a graph. Figure 16 shows a graph for the measured width values of central arc designs 1-5 which were fabricated with SUS and Ti-Gr5. The SUS and Ti-Gr5 products have the dimension (width) errors of ±0.41% and ±0.53%, respectively. Figure 17 shows the height measurements of the central arc design products. SUS and Ti-Gr5 products have the dimension (height) errors of ±2.61% and ±1.48%, respectively. The major dimension measuring results of Ti-Gr5 and SUS products considering the central arc confirmed that the dimension accuracies of all the prototypes were within ±5%.
The dimension accuracy values of the five designs considering the transition values were plotted as a graph. Figure 18 shows the width of the transition Nuss bars 1-5 fabricated with SUS and Ti-Gr5. The width error is ±1.19% for the SUS product and ±0.57% for the Ti-Gr5 product. Figure 19 shows the measured height, and the height errors of the SUS and Ti-Gr5 products are ±1.73% and ±0.9%, respectively. This result confirms that the dimension accuracies of Ti-Gr5 and SUS products considering the transition value are within ±5%. All values within the central arc and transition values of the Nuss bar can be machined using the auto CNC bending machine, and the bending error range of the bending machine was found to be within ±5%. In particular, it is expected that more accurate machining will be possible for products fabricated with the Ti-Gr5 material.
Manufacture of Patient-Specific Nuss Bar
The patient-specific Nuss bars were fabricated with SUS and Ti-Gr5. The design of the patient-specific Nuss bar was derived using CAD-based design technology, and the product design drawings were created for symmetrical, eccentric, and unbalanced Nuss bar shapes in accordance with the morphological classification of PE [2, 7, 18, 25] . Each type of Nuss bar was designed by collecting CT data and using virtual surgery scenarios, and they represent a different patient group (symmetric, eccentric, and unbalanced group). All values within the central arc and transition values of the Nuss bar can be machined using the auto CNC bending machine, and the bending error range of the bending machine was found to be within ±5%. In particular, it is expected that more accurate machining will be possible for products fabricated with the Ti-Gr5 material.
The patient-specific Nuss bars were fabricated with SUS and Ti-Gr5. The design of the patientspecific Nuss bar was derived using CAD-based design technology, and the product design drawings were created for symmetrical, eccentric, and unbalanced Nuss bar shapes in accordance with the morphological classification of PE [2, 7, 18, 25] . Each type of Nuss bar was designed by collecting CT data and using virtual surgery scenarios, and they represent a different patient group (symmetric, eccentric, and unbalanced group). A total of 18 patient-specific Nuss bar prototypes were created with three prototypes for each design using the CAM data obtained using the same method. Figure 20a '-c' shows the fabrication outputs of the patient-specific Nuss bars. Major dimensions were measured to verify the accuracy of the fabricated patient-specific Nuss bar prototypes, and the measurement data and distribution are shown in Table 8 and Figure 21 . A total of 18 patient-specific Nuss bar prototypes were created with three prototypes for each design using the CAM data obtained using the same method. Figure 20a'-c' shows the fabrication outputs of the patient-specific Nuss bars. Major dimensions were measured to verify the accuracy of the fabricated patient-specific Nuss bar prototypes, and the measurement data and distribution are shown in Table 8 and Figure 21 . The average dimension accuracies of the titanium and SUS prototypes were ±0.85 % and ±1.47%, respectively. These results show that the patient-specific Nuss bar fabricated with Ti-Gr5 has a higher machining accuracy. The average dimension accuracies of the titanium and SUS prototypes were ±0.85 % and ±1.47%, respectively. These results show that the patient-specific Nuss bar fabricated with Ti-Gr5 has a higher machining accuracy.
Discussion
Since the Nuss procedure was announced by Dr. Nuss in 1997, many Nuss procedures have been carried out and various related studies have been conducted. However, the Nuss bars have been formed by naked eye and experience in the operation room. This study verified the effectiveness of the CAD-based patient-specific Nuss bar design technology for the optimal Nuss procedure.
The CAD-based patient-specific Nuss bar design technology was verified by measuring the Haller index before and after the Nuss procedure. In particular, an increase of the minimum AP distance after the procedure shows that the depressed sternum that pressured the organs inside the chest has been successfully corrected by the patient-specific Nuss bar designed with CAD technology and sufficient internal space has been attained. This method is expected to improve the accuracy and reliability of surgery because the optimal insertion point and correction result of the Nuss bar can be predicted before the actual Nuss procedure.
Furthermore, this study demonstrates the possibility and utility of fabricating the patient-specific Nuss bar through a CNC bending machine using the CAM-based manufacturing technology, and it shows that patient-specific Nuss bars with a dimension error range within ±5% can be fabricated. Using the CAM data for correcting the springback phenomenon for each material and shape will improve productivity because the same products with a certain performance can be manufactured accurately within a short time. However, new CAM data must be constructed if the product shape is changed, or if the material thickness, bending degree, and components are changed even if the product has the same shape. This characteristic will act as a disadvantage when manufacturing diverse products.
Conclusions
The CAD/CAM-based patient-specific Nuss bar design and fabrication technology verified in this study will provide a good solution to solve the problems and inconveniences of the current Nuss procedure.
However, the commercialization of the patient-specific Nuss bars fabricated with CAD/CAM-based design and manufacturing technology is still problematic because the CAD-based patient-specific Nuss bar design using the Haller index has limitations with respect to reliability verification and the CAM-based manufacturing method has limitations related to the precise machining of various shapes without establishing the CAM data.
Nevertheless, the proposed method has a positive value in that it can dramatically solve the problem of Nuss bar formation during surgery. In the future, we should obtain clinical data to build the reliability of patient-specific Nuss bars, carry out research based on computer-aided engineering (CAE) to predict the prognosis of the Nuss procedure (e.g., the fixing point of the Nuss bar and the load distribution according to shape)(, and build the CAM database to expand the manufacturing scope of the Nuss bars. Then, we could not only enter the market through the patient-specific Nuss bars, but also secure the possibility of manufacturing various patient-specific orthopedic implants for knees, joints, and spines. 
